Laser-damage thresholds and morphologies of hafnia single layers exposed under femtosecond, picosecond, and nanosecond single pulses (1030=1064 nm) are reported. The samples were made with different deposition parameters in order to study how the damage behavior of the samples evolves with the pulse duration and how it is linked to the deposition process. In the femtosecond to picosecond regime, the scaling law of the laser-induced damage threshold as a function of pulse duration is in good agreement with the models of photo and avalanche ionization based on the rate equation for free electron generation. However, differences in the damage morphologies between samples are shown. No correlation between the nanosecond and femtosecond/picosecond laser-damage resistance of hafnia coatings could be established. We also report evidence of the transition in damage mechanisms for hafnia, from an ablation process linked to intrinsic properties of the material to a defect-induced process, that exists between a few picoseconds and a few tens of picoseconds.
Introduction
Because of the tremendous range of applications of lasers and because thin films are generally the weakest parts of optical systems, research into laserdamage mechanisms in thin films is a vibrant area. In this study we focused our research on a single material: hafnia. This material is one of the most important high index materials for the production of optical multilayer coatings for UV to IR applications. In addition to its good optical and mechanical properties, it is known for its high laser-induced damage threshold (LIDT): it has been shown through different studies that hafnia coatings with very high LIDT can be obtained in the nanosecond [1] [2] [3] [4] [5] [6] , picosecond [7] , and femtosecond [7, 8] regimes. When combined to a low index material, such as silica, hafnia is the limiting material in the multilayer stack where laser-damage resistance is concerned. There is then great interest in studying this material, especially as a function of the deposition conditions. Indeed, in the nanosecond regime, where damage initiation is linked to defects, the LIDT strongly depends on the deposition process [9] . In the femtosecond regime, however, where laser damage is much more intrinsic in nature, this dependence exists but is very weak [8] . It appears, then, interesting to study how this dependence changes with the pulse duration and how it is linked to material parameters by exploring intermediate pulse durations. For this purpose, we have manufactured a set of single layer hafnia coatings with four deposition processes and studied their LIDTs as a function of pulse duration from 45 fs to 12 ns. Because of the development of low-cost ytterbium diode-pumped femtosecond lasers and petawatt class laser projects [10] [11] [12] , there is great interest in studying laser damage in the subpicosecond regime at 1030 and 1053 nm. Since multiphotonics processes are known to be involved in the laser-damage process, the scaling of LIDT with wavelength is not trivial. In HfO 2 , for instance, the concern of the present paper, at 800 nm, it is a fourphoton process, and it is a five-photon process at 1030 nm. Our work was then conducted between 1030 and 1064 nm. The measurements were done on different laser-damage test facilities based either at the Vilnius University Laser Research Center or at the Institut Fresnel. Great care was taken on the metrology in order to make the LIDT comparable: similar spot sizes were used on the different experimental setups, the same energy meters were used, and damage detection was done on the same microscope. In total, this campaign has involved five different experimental setups for exploring the LIDT dependency of coatings from the femtosecond to nanosecond regime. The objective of this test campaign was to compare the LIDTs and the laser-damage morphologies at different pulse durations in the case of hafnia since damage morphologies are seldom reported in the litterature and no data is avaibale around 1050 nm.
We present in the first section of this paper the samples used in this study and their main properties. Second, we describe the experimental configurations for all the laser-damage test facilities. The test procedure and damage detection, both common to all tests, are also detailed. The results of the damage tests are then given as the morphologies observed by scanning electron microscopy (SEM) on all samples. To finish, the results are discussed and commented upon.
Single Layer Hafnia Samples
The samples are hafnia single layers, half-wave at 1064 nm. The substrates are 1 in: (2:54 cm) diameter fused silica substrates (Corning 7980) polished for high power applications. Since the polishing and cleaning process has an influence on the LIDT of the deposited coatings [13] , all the substrates come from the same batch and have been polished, then cleaned together. The samples were prepared with four different processes, which are summarized in Table 1 .
The different samples have been characterized using a spectral ellipsometer (SOPRA GES5) in the range of 250-900 nm. The refractive index values were obtained by fitting these measurements with a Sellmeier spectral dependence. The n values at 900 nm are reported in Table 1 as the obtained mechanical thicknesses e from the measurements analysis.
The refractive index data are indicative of the film density. The refractive indices of samples 1 and 2 are similar to the bulk value reported for hafnia [14] . Other characterizations off samples deposited under the same conditions have been made (x-ray diffraction, luminescence spectroscopy) and are reported in Table 1 . All the samples showed a polycrystalline structure. The crystalline phase of samples 3 and 4 could be identified as randomly oriented crystals of monoclinic HfO 2 , whereas the crystallinity of samples 1 and 2 was oriented and orthorhombic. The crystallite size is unknown. In fact, the orthorhombic phases of HfO 2 are the high-pressure phases of this material [15] and their presence indicates high compressive strain in these layers, which is known to occur in high energetic deposition processes [16] . In these samples, the calculated ratio of the maximum internal and incident intensity at 1030=1064 nm is ≈0:67. This value is of importance for LIDT comparison and interpretation of results.
The objective of this work was to test samples of the same material but with slightly different optical and mechanical properties. Since these properties and the resulting LIDT are very process dependent, we would like to point out that no direct conclusions on the ability of each technique to achieve a high damage resistance can be made.
LIDT Test Facilities from 45 fs to 12 ns
Different tests facilities available in the two collaborating institutions were used for this study. The different setups are fully computer controlled for automatic measurements. The focusing element at each facility has been chosen in order to obtain similar laser spot sizes, i.e., in the range of 30 to 50 μm. Indeed, if the spot-size dependence of the LIDT in the nanosecond regime is well known [17] , some publications also report a spot-size dependence of the LIDT in the subpicosecond regime [18] and great care must be taken to compare all results. For the spot size, we used the effective spot size as defined in the ISO standard [19] , measured on each setup with a CCD camera (WinCam D from DataRay Inc.). A summary of the different experimental configurations for LIDT measurements is given in Table 2 . To establish the uncertainty on the fluence value, we take into account relative errors introduced by the measured energy variation and the beam diameter fluctuations. The standard deviations of these two parameters are given in Table 2 . To reduce the absolute error of measurements, cross measurements with the different calorimeters and pyrometers used were conducted.
A. Damage Test Procedure
We chose to use the 1-on-1 test procedure to test the samples [19] . The advantage of this test method is that it allows us to find the damage threshold of a sample with a great accuracy, avoiding any incubation or fatigue effects that are known to occur in HfO 2 in all temporal regimes [20] [21] [22] [23] [24] . The physical mechanisms of incubation effects can be very different depending on the pulse duration and repetition rate, which implies that the interpretation of LIDT pulse dependence in multiple pulse experiments can be very difficult. The drawback of the 1-on-1 test method, however, is that a large amount of data points is needed to reach good accuracy. In our case, 50 sites where tested at each fluence, with the exception of the 45 fs experiments where 30 sites where tested. The number of tested fluences was not set prior to the tests, and it ranges from five, in the case of a very deterministic threshold typical of the femtosecond regime, to 30 in the case of a probabilistic behavior, such as in the nanosecond range. On the different benches that we will describe in the following, realtime damage detection was implemented. The damage detection systems that were used were either microscopy coupled to an image analysis software or measurements of scattering variations. These systems were used during the measurements but after the damage tests. All the samples were observed on a single Nomarski microscope (Zeiss-Axiotech 100), with a magnification of 500, in order to check all points near the damage threshold. The definition of "damage" in this study is, then, any modification induced by the laser irradiation and visible with this microscope. This procedure allows us to compare all the results on the same basis, and to avoid artifacts that could be linked to the detection method. The damage threshold is defined as the mean value between the highest fluence of zero damage probability and the upper fluence (Fig. 1) . The error bar on the threshold is defined on Fig. 1 .
B. LIDT Measurements with 12 ns Pulses
The configuration used for LIDT measurements is described in Fig. 2 . The laser source is a single longitudinal mode Nd:YAG laser (Quantel YG 980) with a pulse duration of 11 ns (effective pulse duration as defined by the ISO standard [19] ) and a repetition rate of 10 Hz. Single pulses are selected with a mechanical shutter to irradiate the sample in the 1-on-1 mode. The energy of the beam is controlled with a variable attenuator (half-wave plate and polarizer). The laser beam is linearly polarized and in normal incidence. It is focused on the front face of the coated sample, as described on Fig. 2 , with a plano-convex lens. The spot size has been measured in the sample plane with a CCD camera and a magnification system. The spot diameter is 44 μm at 1=e. An image of the beam in the focus plane and an oscilloscope trace of the temporal profile are given in Fig. 3 . For each shot, energy is measured with a pyroelectric detector and recorded, in order to calculate the fluence. The calibration is realized before each test with a calorimeter located after the focus lens. Damage is detected in real time with a long working distance objective and a CCD camera. Image analysis software is used to detect any modification that can occur on the sample [25] . For 24 ps measurements, we employed a flash lamp pumped mode-locked Nd:YAG oscillator and regenerative amplifier system (Fig. 4) , generating pulses at a 1064 nm wavelength (Ekspla PL 2143). The pulse duration was measured with an autocorrelator and the pulse profile is given in Fig. 5 . The repetition rate is 10 Hz and single pulses are extracted with a mechanical shutter. For energy measurements, a calorimeter is used for the calibration of a photodiode that records the signal for each shot on the sample. An in-line detection system, based on the measurement of scattering variations and described in Ref. [26] , is used to monitor damage occurrence during the tests. The beam is focused on the sample with a plano-convex lens (focal length ¼ 200 mm). Measurement of the spatial beam profile was done on the sample plane with a CCD camera. The beam diameter is 60 μm at 1=e (Fig. 5 ).
D. LIDT Measurements with 1 ps Pulses
The laser-damage test facility used for 1 ps tests is shown schematically in Fig. 6 . The laser source is a commercial femtosecond diode-pumped ytterbium amplified laser (Amplitudes Systemes S-Pulse HP) with a spatially Gaussian beam profile. The operating wavelength is 1030 nm with a 5 nm spectral bandwidth. The pulse duration can be tuned from 500 to 3000 fs. It has been set to 1:2 ps in this work.
The pulse duration is measured with a single-shot autocorrelator. Such a measurement is displayed in Fig. 7 . The laser is operated with a repetition rate of 10 Hz. A mechanical shutter is used to deliver single shots on the sample. The pulse energy can be continuously modified using a combination of a zeroorder half-wave plate and a thin film polarizer. A beam splitter fixed after the polarizer directs a small portion of the pulse to a pyroelectric detector for energy measurement after each shot. Calibration is realized before each test with another pyroelectric detector located after the lens. The laser beam (linearly polarized and in normal incidence) is focused on the front face of the coated sample by a planoconvex lens (focal length f ¼ 150 mm). The spatial beam profile was measured at the location of the sample plane with a CCD camera and a magnification system. The beam diameter is 53 μm at 1=e (Fig. 8 ).
E. LIDT Measurements with 300 and 700 fs Femtosecond Pulses
The laser source for 300 and 700 fs consisted of a combination of a diode-pumped Kerr lens mode-locked Fig. 2 . Experimental setup for laser-damage measurements at 12 ns, 1064 nm. Sh, mechanical shutter; W, half-wave plate; P, glan laser polarizer; BS, wedged beam splitter; ND, set of multidieletric neutral density filters; L, focusing lens; Py, pyroelectric detector; Ca, calorimeter; S, sample; BD, beam dump; IS, imaging system; BP, beam profiler. oscillator and a chirped pulse regenerative amplifier system based on a Yb:KGW medium (Light Conversion-Pharos). It lases at a 1030 nm wavelength with a 8 nm spectral bandwidth. This system is designed to operate at 300 fs. By using a multishot autocorrelator, the pulse duration was measured as 305 fs (an autocorrelation trace is given in Fig. 9 ). However, by detuning the compression module, we have conducted a second series of tests with this laser at 670 fs. The repetition rate of the laser was set to 50 kHz and a Pockels cell with a polarizer allows the extraction of a single pulse from the laser. The beam is focused on the sample with a plano-convex lens (focal length ¼ 150 mm). Measurement of the spatial beam profile was done on the sample plane with a CCD camera. The beam diameter is 65 μm at 1=e for the 670 fs configuration and 64 μm for the 300 fs configuration (Fig. 9) . Energy measurements, calibration, and the damage detection system are the same as those described in Subsection 3.C.
F. LIDT Measurements with 45 fs Pulses
The last laser system used for our LIDT measurements is more complex (Fig. 10) . The objective of the study was to go below 100 fs to measure the LIDT of our samples, with the requirement that the wavelength should stay around 1050 nm for comparison with the other tests. Indeed, in the ultrashort regime, multiphoton ionization (MPI) has a significant contribution in the laser-damage mechanism of thin films [27] : for instance, at 1050 nm in HfO 2 , the MPI is a five-photon process, whereas, at 800 nm, it is a four-photon process. We then worked with a diodepumped Coherent Legend laser system based on the Kerr lens mode-locking technique operating with a Ti:sapphire oscillator and thermally stabilized regenerative chirped pulse amplifier. The laser was combined with an optical parametric amplifier (OPERA from Coherent) in order to convert pulses from 800 to 1030 nm with a 40 nm spectral bandwidth. The estimated pulse duration at the output of the system is 45 fs (Fig. 11 ). For stability, the pulse repetition rate was set to 10 Hz and a mechanical shutter was used to extract single pulses. Energy measurements and calibration procedures are the same as those described in Subsection 3.C. Damage detection was done only ex situ with the microscope described in Subsection 3.A. In order to avoid pulse broadening, an off-axis parabolic mirror was used for focalization on the sample surface (f ¼ 50:8 mm). The beam profile was measured with a CCD camera Fig. 6 . Experimental setup for laser-damage measurements at 1 ps, 1030 nm. HR, high reflective mirror; Sh, mechanical shutter; BS, wedged beam splitter; W, half-wave plate; P, thin film polarizer; Py1, pyroelectric detector; Py2, pyroelectric detector for calibration; ND, set of multidieletric neutral density filters; L, focusing lens; M, microscope; S, sample; BP, beam profiler; SSA, single-shot autocorrelator. and a magnification system. The beam diameter was 31 μm at 1=e.
Results
A summary of the laser-damage thresholds measured in the conditions described in Section 3 is given in Table 3 .
In the nanosecond regime, a distribution of the laser-damage probability as a function of fluence was observed. For all the other pulse durations that were involved in our measurements (45 fs to 24 ps), a deterministic behavior was observed: when plotting the laser-damage probability curve, the transition between the 0 to 1 probability was within the error bars on the fluence determination. This suggests either a damage mechanism linked to intrinsic properties of the film material or a defect density such that a large number of defects can be found in the irradiated area. A difference in LIDT was also found between the samples. These points will be discussed further in Section 5.
The laser-damage morphologies on the sample were observed with SEM (Hitachi TM-1000) and Nomarski microscopy. SEM images are reported in Fig. 12 for the case of the dual ion beam sputtering samples irradiated at 45 and 670 fs and 24 ps (1:2 ps and 300 fs morphologies have also been measured and are similar to the 670 fs case), and Fig. 13 for all samples. At 45 and 670 fs, a bump associated to slight surface modifications is formed at low fluences and delamination occurs at higher fluences. Observed damage morphologies are the same from 45 fs to 1:2 ps. At 24 ps, however, the damage morphology is dramatically different: submicrometer pits are observed after laser irradiation and no delamination occurs. This indicates a different damage mechanism at this pulse duration. In the nanosecond regime, the laser-damage morphologies reveal one or several pits of the order of micrometers appearing under the irradiated area (off-centered from the beam) and a large crater created under the irradiated area. Similar observations were made by Yuan et al. [28] on single layer hafnia coatings irradiated with single shots, 800 nm, at 50 fs and 12 ns, i.e., morphologies typical of defect-induced damage with nanosecond pulses and damage confined to a small region at the peak of the Gaussian irradiance distribution with femtosecond pulses.
Differences among the samples made with different deposition processes were also noted when observing the damage morphologies reported in Fig. 13 . Below 1 ps, ablation of the films occurs. This ablation can be "clean," such as in sample 3, i.e., leaving very sharp edges; "clean," but inducing visible modifications of the materials near the edges (sample Fig. 10 . Experimental setup for laser-damage measurements at 45 fs, 1030 nm. W, half-wave plate; P, thin film polarizer; HR, high reflective mirror; BS, wedged beam splitter; ND, set of neutral density filters; PD, calibrated photodiode for energy measurements; Sh, mechanical shutter; OAPM, off-axis parabolic mirror; Ca, calorimeter; S, sample; BD, beam dump; BP, beam profiler. 
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; leaving debris and part of the films, as observed on sample 1; or involving melting processes, as on sample 2. The material properties play, then, a very important role in the ultrashort damage mechanism and thermal mechanisms can be involved. For 24 ps, as it was noted previously, the morphology is characteristic of defect-induced damage. However, again, differences in morphologies among the samples can be observed. The pit sizes and density are different from sample to sample.
Discussion
Two main results have been reported in Section 4: the pulse duration dependence of the laser-induced damage threshold/morphology and the dependence of the damage threshold/morphology on deposition parameters for all pulse durations. The pulse duration dependence of laser damage in optical materials has been the subject of numerous studies. Most of these studies were performed on bulk materials and few of them were dedicated to the case of optical coatings [7, 28, 29] . The processes leading to femtosecond, picosecond, and nanosecond damage in dielectric optical coatings are complex and still under investigation. In the subpicosecond regime, damage behavior is controlled by intrinsic material properties, as opposed to localized impurities and defects introduced in the coating process for nanosecond pulses. The transition between the "short" and "long" pulse regime lies in the few tens of picoseconds regime [29] . The damage of dielectric materials in the femtosecond up to the few picoseconds range can be understood as a result of electronic processes. Free electrons will be generated by photo-ionization and avalanche ionization during the laser pulse up to a level where the electron density in the conduction band reaches a critical density [30] and a runaway absorption mechanism takes place. By using the rate equation adapted to optical interference coatings in order to account for the transient interference effects induced by changes in the dielectric function (model described in Ref. [31] ), the theoretical LIDT has been calculated and compared to experiments (Fig. 14) .
A relatively good agreement is obtained between experiments and model on the description of the general trend of LIDT as a function of pulse duration up to 1:2 ps. The SEM images of the damage sites (not reported here for all pulse durations) also reveal that the morphologies are similar, i.e., a modified area limited to only a small region under the laser spot, even if differences exist among samples. The rate equation is a simple and powerful approach to scale the LIDT with pulse duration in the case of optical coatings in the short pulse regime. According to the results obtained at 24 ps, this model is limited to a few picoseconds. The LIDT differences between samples can be attributed to slightly different properties, such as in the electronic band structure of the materials, since these samples have been made under different deposition conditions. Sample 1, for instance, has the lowest LIDT in the short pulse regime, which is correlated with higher absorption in the UV [9] . Thermal effects seem to be involved in the case of sample 2, as evidenced by the melted material in and around the crater. These differences with the samples made by electron beam deposition (EBD) are not easily understood since the material is the same. However, it is known that the thermal properties of thin films are very different from the bulk and are strongly process dependent [32] [33] [34] . The mechanical properties (adherence to the substrate, density, stress) are other parameters that can affect the damage process. In addition, EBD films are porous and can absorb water. Keeping apart these differences, on all samples, a delamination of the film has been observed. We have calculated and plot in Fig. 15 the transient intensity repartition in the film at different times during the pulse and the corresponding electronic density created in the material. Calculations have been made with the model described in Ref. [31] by using a pulse duration of 1 ps. Similar behavior was observed for the lower pulse durations and results are not shown in these cases. These calculations show that damage should be localized at the air/film and film/substrate interfaces. The occurrence of a plasma at the film/substrate interface is in accordance with the delamination observed.
At 24 ps, the damage morphologies reveal multiple initiations under the irradiated area (Fig. 13, column  2) , which suggest different damage mechanisms. The defects involved are certainly different from those involved in the case of the nanosecond regime: there are several orders of magnitude between the defect density observed in the images in Fig. 13, column 2 , as compared to what has been reported on these materials with nanosecond pulses [20] or what can been seen in Fig. 13, column 3 . In the long pulse regime, a t 1=2 LIDT dependence, characteristic of heat diffusion during the laser pulse, is often used in bulk and thin film dielectric materials to scale experimental data in the case of long pulses [7, 29, 35] . In reporting this law in Fig. 14 , it can be seen that it is not valid for comparison of the 24 ps results with 12 ns, which supports the idea that mechanisms are different for these two regimes on our samples. The peak power density when damage occurs at 24 ps is of the order of 200 GW=cm 2 . Photo-ionization effects have a lower efficiency as compared to collisional (avalanche) ionization [36] and electronic defects cannot be created during the laser pulse. The possible explanation of the morphologies observed is that avalanche effects, which are very efficient at 24 ps, take place on pre-existent free electrons distributed in the films. Inhomogeneities in the free electrons distribution in the film could explain the localized multiple initiation observed. The nature of the initiation defects is, of course, unknown and only speculations can be made, but the polycrystalline structure of the films can be involved (defects at grain boundaries, for instance). It can be noted, however, that the defect densities are different on each of the samples tested. In the case of sample 2, thermal effects are clearly evidenced, as was the case below 1 ps (Fig. 13 , column 2), as well as a cracking and delamination of the film. These films are known to exhibit a high level of stress, which can explain the morphology observed [16] . This indicates that thermal diffusion can play a part in the picosecond pulse laser damage.
In the nanosecond regime, in addition to the results presented in Section 4, a spot-size dependence of the LIDT has also been observed on the same samples [20] . This observation, with the distribution of the laser-damage probability as a function of fluence, and the damage morphologies observed clearly evidence a damage mechanism based on initiation by defects on all samples. The difference in LIDT value between samples can then be attributed to the different nature of these defects, which is linked to the deposition processes and/or different properties of the films. In the case of sample 3, which has the lowest damage threshold as compared to the other samples, nanometric hafnium clusters were identified as a potential damage initiator [37] . The interesting point of these results is that no correlations can be made between the nanosecond and femtosecond/picosecond laser-damage thresholds due to the intrinsic and defective nature of the damage mechanisms: sample 1, which had the lower threshold in the short pulse regime, is relatively resistant in the long pulse regime as compared to sample 3, where the opposite behavior was observed.
Conclusion
We have reported a detailed study of the near-IR laserdamage thresholds and morphologies of hafnia coatings as a function of pulse duration and fabrication processes. Following the results obtained in this study and the discussion above, different conclusions can be made. First of all, it has been shown that no correlation between the nanosecond and femtosecond/ picosecond laser-damage resistance of hafnia coatings could be establish: a coating with a low damage threshold in the nanosecond regime can have very good performances in the ultrashort regime (the opposite is also true). Second, there exists in hafnia coatings at a few tens of picoseconds a transition in damage mechanisms from an ablation process linked to intrinsic properties of the material to a defectinduced process. Third, the same general tendencies have been observed in coatings made with different deposition processes and exhibiting different properties (refractive index, density, roughness). In the range of a few picoseconds down to few tens of femtoseconds, the dependence of LIDT with the deposition technique is very weak, providing that the films exhibit a low intrinsic absorption, as opposed to the nanosecond regime. However, differences in the damage morphologies in the femtosecond to picosecond regimes exist. These differences were not explained in this paper and their explanation necessitates a thorough characterization of the films, particularly of the band structure of the material, such as the mechanical and thermal properties.
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